Transgenic mice are frequently used to investigate the role of genes involved in cardiac conduction. The QRS duration calculated from the electrocardiogram (ECG) is a commonly used measure for ventricular conduction time. However, the relation between ventricular activation and QRS duration calculated from a mouse surface ECG is not well understood. We aim to relate ventricular activation and repolarization patterns with the mouse ECG.
Introduction
The murine electrocardiogram (ECG) is often used to study altered cardiac conduction and repolarization resulting from genetic mutations in relation with cardiac arrhythmias and sudden death. 1 -3 Despite substantial differences in the morphology of the ECG in mice and man, similar criteria are used for analysis. 2, 4 This approach is poorly validated and can lead to misinterpretation of the mouse ECG and, consequently, to incorrect genotype-phenotype relations.
On the human ECG, ventricular activation and repolarization can be distinguished as discrete processes because a relatively long period with small changes of the transmembrane potential (the plateau phase of the human action potential) separates the two. 5, 6 The mouse ventricular action potential lacks a clear plateau phase. 4 Thus, repolarization starts when another part of the heart is not yet activated. 2, 7 Nevertheless, definitions of electrocardiographic deflections and intervals in terms of cardiac conduction 8, 9 and cardiac repolarization 10, 11 that are derived from the human ECG are used for the interpretation of the mouse ECG. Application of the criteria for QRS duration in man to the mouse ECG results in marked variation in the QRS duration depending on which lead is selected. 12 This variation makes the QRS interval in mice an inaccurate measure for ventricular conduction and renders genotypephenotype relations cumbersome and questionable.
In this study, we determined the relation between the QRS complex and ventricular activation and repolarization during normal and abnormal conductions in mice. Our results show that the end of ventricular activation corresponds only to the end of the QRS complex in leads III and aVF. However, during slow conduction or altered activation patterns, QRS duration, respectively, underestimates or overestimates total ventricular activation time in every lead.
Methods

Animals
The investigation was performed in agreement with national and institutional guidelines and conforms with the European Commission Directive 2010/63/EU and has been approved by the local Animal Experiments Committee, Academic Medical Center. For this study, we used eight adult FVB/N wild-type, three adult 129P2 wild-type, and five adult 129P2 Scn5a1798insd mice. 13 
In vivo ECG recording
Animals were anaesthetized with 1.5% isoflurane. Electrodes were placed at the right (R) and left (L) armpit and the left groin (F). A reference electrode was placed at the right groin. ECGs were recorded (Biosemi, Amsterdam, the Netherlands; sampling rate 2048 Hz, filtering DC 400 kHz (3 dB)] for a period of 5 min. From these leads, a standard six-lead ECG was calculated as follows:
Optical mapping experiments
After ECG recording, the mice were killed by cervical dislocation. The heart was rapidly excised, cannulated, mounted on a Langendorff perfusion set-up as described previously. 14 During optical mapping, a pseudo-ECG was recorded from electrodes placed in the tissue bath, 5 mm from the heart (Biosemi, Amsterdam, The Netherlands; sampling rate 2000 Hz, filtering DC 400 kHz (3 dB)] in a configuration similar to that of the extremity leads of the standard ECG. The electrodes were placed at the right (R) and left (L) side of the base of the heart and at the left side of the apex (F).
Optical action potentials and a pseudo-ECG were simultaneously recorded and the first moment of activation of the right atrium was aligned with the onset of the P-wave. The start of the QRS complex was set to zero. The local moment of activation was defined as the maximum positive dV/dt of the action potential.
Three hearts showed delayed left-ventricular activation after placing in the Langendorff set-up. The ventricular activation pattern returned to normal after 10 min.
Conduction was slowed by perfusion with 5 mM Ajmaline (Gilurytmal w , Carinopharm).
ECG criteria
The PR interval was defined as the time from the start of the P-wave to the first deflection of the QRS complex. The iso-electric line was defined as the line connecting the end of the T-wave and the start of the P-wave of the next beat. During perfusion of Ajmaline, atrial pacing was necessary and the PR interval was defined as the interval between the start of the stimulus artefact to the start of the QRS complex. The start of the QRS complex was defined as the earliest moment of deviation from baseline in any lead. The end of the QRS complex in each lead was defined as the moment when the S-wave returned to the isoelectric line. 8, 9 The start of the J-wave was defined as the end of the S-wave. The end of the J-wave was defined as the moment where the positive J-wave turned into the negative T-wave. We determined the end of the T-wave by the tangent method ( Figure 1 ). 15 The QT interval was corrected (QTc) according to Mitchell et al. 16 
In silico
We used a computer model (ECGSIM) based on the structure and activation sequence of the human heart to model the ECG using action potentials of human and mice. 17 
Statistics
The characteristics of the in vivo recorded and the pseudo-ECG were compared using a paired sample t-test. Other group comparisons were performed using one-way ANOVA with Bonferroni test for post-hoc matched pairs. Values are given as mean + SEM. A P-value , 0.05 was considered statistically significant.
Results
Pseudo-ECG is similar to ECG recorded in vivo
We recorded an ECG in the intact mouse and compared it with the pseudo-ECG recorded in the Langendorff set-up in each mouse. Figure 1A shows an example of a six-lead ECG recorded in vivo and a six-lead pseudo-ECG of the same heart. Figure 1B illustrates the analysed ECG parameters. The morphology is virtually identical. The table summarizes the electrocardiographic characteristics before and after cardiac isolation. Heart rate was significantly lower after cardiac explantation in accordance with previous findings. 18 The other ECG intervals were not statistically different, including the QT interval after correction for the difference in heart rate ( Table 1 ).
Complete ventricular activation is reflected by the end of the QRS complex in aVF and lead III
The duration of the QRS complex varies along the different leads. On average, the differences amounted to about 1.6 + 1.4 ms or 20.9 + 18.9% of the duration of the shortest QRS complex ( Figure 2 ). To determine in which of the leads the end of the QRS complex correctly represents the end of ventricular activation, we reconstructed the ventricular activation pattern and compared the moment of last ventricular activation with the end of the QRS complex calculated from simultaneously recorded pseudo-ECG. Figure 2A and B show an example of the ventricular activation pattern and the simultaneously recorded pseudo-ECG. Epicardial breakthrough occurred at the same time at the right-and the left-ventricular apex. The left ventricle activated within 3.8 ms, whereas the last moment of activation of the right ventricle was at 6.6 ms after the onset of the QRS complex. In Figure 2B , the end of right-ventricular activation is indicated by the dotted line in each of the leads. Note that the end of the QRS complex (indicated by the red star) shows a large variation across the leads, and does not correspond to the end of activation (upstroke of the first and last action potentials shown subsequently).
On average, breakthrough occurred simultaneously at the right and left ventricular walls and was 1.6 + 0.4 ms later than the start of the QRS complex (n ¼ 8) ( Figure 2C ). The final moment of activation was on the right-ventricular myocardium and was significantly later than the last moment of activation of the left-ventricular myocardium (6.7 + 0.4 vs. 4.0 + 0.4 ms, P , 0.05). The end of ventricular activation did not correlate to the end of the QRS complex in any lead (20.3, r , 0.2, ns). However, on average, the QRS duration calculated from lead III and aVF was not statistically different from total activation time, whereas QRS duration calculated from the other leads significantly overestimated total ventricular activation time ( Figure 2C ).
Part of the QRS complex contains repolarization
The mouse action potential has a larger and faster initial repolarization phase than the human action potential and consequently a plateau at more negative potentials (here defined as 'low plateau'). To determine how this fast initial repolarization phase interferes with QRS duration, we generated potential maps of subepicardial activation and reconstructed the initial repolarization pattern based on 20% of repolarization (RT20) ( Figure 3A ). The RT20 pattern followed the activation pattern with a delay of 2-3 ms and ended at around 7.2 ms (n ¼ 8). Furthermore, RT20 started before final activation of the RV base (5.4 + 0.3 vs. 6.7 + 0.4 ms P , 0.05, respectively). The potential map shows that 5 ms after the onset of the QRS, an electrical vector was generated that was directed towards the base ( Figure 3B ). However, 1 ms later, when repolarization in the apex had already started, two vectors were present with opposite directions, one towards the base and one towards the apex. These vectors will at least in part cancel each other, leading to a slower deflection in the ECG than expected.
The J-wave solely represents repolarization and not activation
We compared local repolarization times with the onset and end of the J-wave. The start of the J-wave varied across leads and was the earliest in aVF and lead III ( Figure 3C ). As expected, the J-wave started after the last moment of activation. Figure 3C shows that the end of repolarization based on RT20 at the right ventricle, but not the left ventricle, coincided with the onset of the J-wave in lead III and aVF. The end of the J-wave coincided with the end of repolarization based on RT50 on the right ventricle but not on the left ventricle. Furthermore, the end of the J-wave did not correlate with RT10, RT20, or RT50 (20.9, r , 0.9, ns) from the left apex or base or the right apex or base. Next we determined the direction of the vector that would result from the local potential maps ( Figure 3D ) and compared it with the electrical vector of the J-wave ( Figure 4A ). Both the electrical vector of the J-wave and the vector generated by the potential gradient are directed from the right base to the left-ventricular apex. This suggests that the potential gradient that is present between the right-ventricular base and left-ventricular apex underlies the J-wave. The end of the J-wave is defined as the moment when it passes into the T-wave and corresponded with the moment when the potential was equal throughout the heart ( Figure 3D ).
T-wave results from repolarization differences between the left and right ventricles
To investigate whether the QT interval in mice gives a good estimate of the ventricular repolarization, we compared repolarization Understanding the mouse ECG moments at the right and left ventricles with the end of the T-wave. Repolarization, based on RT50 and RT80, ended earlier on the right than on the left ventricle ( Figures 3C and 4B) , but despite this, both correlated significantly with the end of the T-wave (r ¼ 0.66 and r ¼ 0.68, respectively, P , 0.05). The potential gradient from the left to the right ventricle resulted in a vector ( Figure 4B , bottom panel) with the same direction as the vector that generated the T-wave in the ECG ( Figure 4A ). This suggests that the T-wave in mice results primarily from differences in repolarization between the right and the left ventricles. Figure 4C shows a six-lead pseudo-ECG (from a different heart than that of Figures 2 and 3) . Also here, the end of the left-ventricular repolarization coincided with the end of the T-wave.
QRS duration is not an accurate measure for ventricular conduction time when the conduction pattern is altered
To study whether the relation between the end of the QRS complex and the end of ventricular activation time during normal activation sequence remains valid during an altered ventricular activation sequence, we studied hearts with spontaneously delayed left-ventricular activation. Figure 5A shows an example of a heart with normal activation pattern (left) and with delayed left-ventricular activation (right). In hearts with spontaneously delayed activation, left-ventricular breakthrough occurred later than right-ventricular breakthrough (3.2 + 0.4 vs. 1.6 + 0.4 ms after QRS onset, respectively P , 0.05, n ¼ 3). The final ventricular activation time, however, was not later during delayed left-ventricular activation than with a normal activation sequence (6.3 + 0.4 vs. 6.7 + 0.4 ms, ns. n ¼ 3). Remarkably, the simultaneously recorded QRS duration varied from 9.3 + 1.3 to 13.1 + 0.9 ms across leads and was markedly longer than during a normal ventricular activation sequence where the QRS duration varied from 7.5 + 0.6 to 11.4 + 0.5 ms. Thus, during delayed left-ventricular activation, the end of the QRS complexes underestimate the total ventricular activation time in every lead.
QRS duration is not an accurate measure for ventricular conduction time when conduction is slowed by ajmaline
To investigate whether the QRS duration corresponds to the end of ventricular activation when total activation time prolongs, we slowed conduction by applying a sodium-channel blocker ajmaline to the perfusion solution. Figure 5B shows the reconstructed activation pattern during the perfusion of ajmaline. Sinus rhythm decreased from 345 + 21 to 137 + 36 b.p.m. (P , 0.05). To compare ventricular activation times at similar heart rates, we stimulated on the right atrium (7 Hz). The 'PR' interval increased from 36.6 + 8.3 to 65.2 + 11.5 ms (P , 0.05). The QRS duration in lead I increased from 8.5 + 2.2 to 10.9 + 0.5 ms and in aVF from 7.6 + 2.2 to 11.7 + 1.5 ms. The total time of ventricular activation, however, increased from 6.2 + 0.1 to 16.2 + 4.5 ms ( Figure 5B dotted line at the right). Thus, the QRS complex ended considerably earlier than the last moment of ventricular activation leading to an underestimation of 22%.
In silico
To provide theoretical support for the idea that the early repolarization vectors interfere with those associated with activation, we calculated the morphology of the body surface ECG by the application of a mouse action potential morphology. We used action potentials of ventricular myocytes isolated from human and mouse hearts that were measured previously in our group 19, 20 (Figure 5C ) and then The introduction of an action potential with a steep initialrepolarization phase resulted in a J-wave on the calculated body surface ECG ( Figure 5C ) resembling the mouse ECG measured in vivo. When we removed the steep initial-repolarization phase and applied an action-potential shape resembling a human myocyte, the J-wave disappeared on the calculated body surface ECG (blue lines). The latter supports the hypothesis that the fast initial repolarization phase of the mouse action potential underlies the J-wave on the body surface ECG. To exclude the possibility that a low-voltage plateau phase can lead to a J-wave as well, we calculated the body surface ECG based on human action potential with reduced amplitude. This led to a QRS complex with lower amplitude but not to a J-wave (red lines).
In lead III, the end of the simulated QRS complex coincided with the last moment of ventricular activation, in line with the experimental data ( Figure 2C) . The QRS complex in lead aVF ended before the last moment of ventricular activation ( Figure 5D ). When conduction was slowed by reducing sodium-channel density (Figure 5D) , the QRS Understanding the mouse ECG complex ended before the last moment of ventricular activation in both lead III and aVF, as we have shown experimentally in the presence of ajmaline ( Figure 5B ).
QRS duration underestimates total ventricular activation time in transgenic mice carrying the Scn5a 1798insD mutation
Mutations in the gene encoding the cardiac sodium channel (SCN5A) cause conduction slowing in patients. 21 We measured transgenic mice that carry the 17958insD mutation which is the murine equivalent of the human 1795insD mutation 13 to investigate whether the relation between QRS duration and ventricular activation time observed during ajmaline infusion also holds true in a genetic model of conduction slowing ( Figure 6) .
The PR interval was longer in Scn5a(1978insD) mice compared with wild-type (49.6 + 0.8 vs. 40.8 + 8.0, P , 0.05), whereas heart rate was not different. The total QRS duration (lead III) and total ventricular activation time was longer in Scn5a(1978insD) mice compared with wild-type (QRS: 10.8 + 0.3 vs. 7.6 + 0.7; total ventricular activation time: 12.9 + 0.1 vs. 7.8 + 2.0, P , 0.05). However, in Scn5a(1978insD) mice, the QRS complex ended before the last moment of ventricular activation (10.8 + 0.3 vs. 12.9 + 0.1, P , 0,05), whereas in wild-type mice it did not (7.6 + 0.7 vs. 7.8 + 2.0, ns).
To study the relation between the end of the QRS complex and the end of ventricular activation during more physiological rhythms, we stimulated on the right atrium (120 ms). In the Scn5a(1978insD) mice, this resulted in a second-degree atrioventricular block: Wenckebach type. During the Wenckebach cycle the RR interval decreased and the last moment of ventricular activation occurs progressively later than the end of the QRS complex. Thus, when conduction is slowed due to the sodium-channel mutation, the QRS duration underestimates the last moment of ventricular activation.
Discussion
Our results demonstrate that in the mouse ventricular myocardium, activation and early repolarization waves are simultaneously present. The end of the ventricular activation correlates best with the end of the QRS in leads III and aVF during normal activation patterns. However, in case of altered ventricular conduction, the duration of the QRS complex in these leads does not accurately reflect total ventricular activation time. Furthermore, our results indicate that the J-wave is the result of a repolarization gradient from the rightventricular base to the right-ventricular apex and the whole left ventricle. Finally, the T-wave in mice is primarily associated with differences between the right-and left-ventricular repolarizations.
QRS complex
Our results on the subepicardial activation pattern of the mouse heart are in line with the previous findings, 22 but show an important relation between activation and repolarization sequences and the consequences for the ECG. Although on average the QRS duration in aVF and lead III was no different from total ventricular activation time, we, in contrast to the work of Liu et al., 23 did not find a correlation between the end of ventricular activation and the end of the QRS complex in any lead. The differences can be attributed to the much higher resolution of our measurements than those used by Liu et al. 23 (monophasic action potentials) that allowed us to detect the final moments of activation with more precision. For example, we and Nygren et al., 22 but not Liu et al., 23 show that the base of the right ventricle but not that of the left ventricle is the last activated.
The reason why we did not find a correlation between the last moment of right-ventricular activation and the end of the QRS complex is due to the fast initial repolarization in mice. In humans, the end of the QRS complex reflects the last moment of ventricular activation and is easy to determine because the activation and repolarization are separated by an iso-electric ST segment although simultaneous activation and repolarization has been reported. 24 In mice, however, significant repolarization already starts in large parts of Figure 6 The QRS duration underestimated total ventricular activation time in transgenic mice carrying a in mutation in Scn5a (1798insD). The upper panel shows the last three captured beats before a blocked atrial activation. The lower panel shows that the last ventricular activation (blue star) is later than the end of the QRS complex (red star). Rv, right ventricle; lv, left ventricle; s, stimulus artefact. the heart before the final moment of activation at the right-ventricular base (London 2 and our study).
J-wave
Spach et al. showed that a positive ST segment ('J point') can be found in a healthy human which is most likely the result of posterior-to-anterior difference in activation or repolarization. 24, 25 However, in these studies, only body surface measurements were performed which makes it difficult to compare their results with our data. In mice, however, the onset of the J-wave has been related to the end of the QRS complex and the start of repolarization. 23 Our data show that repolarization already starts during the QRS complex, before the onset of the J-wave ( Figure 3B) . Furthermore, it has been reported that the J-wave is composed, at least in part, of ventricular activation. 12 We show that ventricular activation ends before the onset of the J-wave in each lead and, therefore, does not interfere with the J-wave. However, when conduction is slowed, the J-wave already starts when parts of the heart are not yet activated and then is partly contaminated with activation. This may lead to an altered morphology of the QRS complex in one lead but not in another. Therefore, it is important to study the morphology of the QRS complex in more than one lead. If the morphology is abnormal in one of the leads then several explanations are possible and reconstruction of the activation and repolarization sequence is required for correct interpretation of the mouse ECG.
T-wave
Whether the T-wave is an accurate measurement for complete ventricular repolarization in mice is debated. 12, 23 We show that the repolarization sequence generates an electrical vector that is directed from the left to the right ventricle and underlies the T-wave in mice. Liu et al. 23 suggested that in mice, the T-wave is the result of subendocardial-subepicardial and apical -base differences in repolarization times. In both studies, the QT interval was measured during a faster rhythm (400 -600 b.p.m.) than in our study (310 b.p.m.). In our study, the differences between repolarization times on the left and right ventricles became smaller when the heart rate was increased (data not shown). However, even at 310 b.p.m., we could always relate the T-wave to an electrical vector caused by right-to-left differences in repolarization moments.
We found that the end of the T-wave correlated with RT80 on the right and left ventricles. Danik et al. 12 found no correlation between APD90 and the end of the T-wave. A difference between this study and ours is that we determined the end of the T-wave by the tangent method. 15 If we used the moment when the T-wave intersected the isoelectric line as the end of the T-wave, like Danik et al., 12 a correlation with RT80 on the right or left ventricle (data not shown) was absent. It has been shown that the latter method is very inaccurate and subject to interindividual variation. Taken together, repolarization abnormalities in mice should be measured by optical mapping or monophasic action potentials but cannot be determined by the body surface ECG.
Limitations
We did not measure repolarization moments in the subendocardium or intramurally because this is not feasible by optical mapping. Therefore, we cannot exclude the contribution of transmural difference in repolarization moments to the morphology of the T-wave. However, it is not likely that large differences in repolarization times exist over such a short distance in well-coupled myocardium. 26, 27 Furthermore, the contribution of transmural repolarization patterns to the T-wave on the body surface ECG are debated in general. 28, 29 The morphology of the calculated QRS complexes differed from the measured QRS complexes. This is likely caused by the use of a computer model based on the structure and activation sequence of the human heart. 17 Not only differences in size, but also small structural differences are present between the human and mouse hearts. 30 Furthermore, the activation pattern of the septum in mouse differs from that of human. 31, 32 Thus, the structural and functional differences between human and mouse hearts may have caused the differences in morphology between the modelled and measured QRS complexes.
Conclusion
Our results show that the last ventricular activation is at the base of the right ventricle and corresponds best, although imperfectly, with the end of the QRS complex in leads III and aVF but not in the other standard limb leads. During slowed conduction, the duration of the QRS complex may underestimate total ventricular activation time. Our data show that in mice with altered cardiac conduction by either pharmacological or genetic causes, mapping of local activation and repolarization patterns is required for correct interpretation of the electrocardiographic changes.
